• Bromeliad phytotelmata host a wide range of nematodes belonging to different genera and trophic groups.
Nematode trophic structure in phytotelmata of Canistropsis billbergioides and Nidularium procerum (Bromeliaceae) in the Atlantic Forest -variability in relation to climate variables and plant architecture 
INTRODUCTION
The term phytotelma (phyton= plant, telma= puddle) designates a small body of water retained in a living or dead plant structure. Phytotelmata are colonized by micro-, meso-and macro-organisms, specialists or generalists in this habitat, which present different levels of interaction with the phytotelma for their survival, reproduction and dispersal. Phytotelmata may also play an important role in storing water, benefiting the non-resident fauna [1] . Due to these singularities and the relative ease in experimental manipulation, phytotelmata have been studied for their biodiversity and as microcosms for testing ecological hypotheses [2] . The phytotelmata that are most studied are those associated with carnivorous plants, tree-holes, bamboos and bromeliads (Bromeliaceae).
Bromeliaceae include about 3,000 species that are almost exclusively endemic to the tropical and subtropical regions of the Americas, between parallels 37 o N and 44 o S. Bromeliads occur in the most varied conditions of altitude, temperature and humidity, and they present terrestrial, epiphytic, rupicolous and saxicolous types [3] . Depending on their architecture, bromeliads may form a phytotelma that stores up to 30 liters of water, with organic matter and associated biota [4] . The phytotelma may be restricted to a single tubular structure, formed by an almost vertical arrangement of leaves, or may be dispersed in the axils of all the leaves. Most of the fauna that live in the phytotelmata of bromeliads specialize in this kind of environment and belong to the class Insecta, with more than 70 families in 11 orders reported, of which Diptera is the most abundant [5] . Platyhelminthes, oligochaetes, crustaceans, myriapods, arachnids, pseudoscorpions, scorpions, mites, mollusks and nematodes are also found [2] . Despite the many inventories that have been carried out in different types of phytotelmata, nematodes have generally received little attention from ecologists. When studying the food web of phytotelmata in Nepenthes alata Blanco, Sota et al. [6] did not identify the nematodes they observed, and Mestre et al. [7] and Armbruster et al. [8] did not identify the nematodes found in epiphytic bromeliads. Devetter [9] reported that nematodes predominate in the invertebrate fauna in tree-holes, but did not identify them.
Few studies have focused on the nematofauna of phytotelmata, and most were inventories. The genera Diplogaster, Dorylaimus, Plectus, Rhabditis, Molgolaimus, Actinonema, Dominicactinolaimus, Paractinolaimus, Tylocephalus, Plectus, Anaplectus, Tripylella, Pelodera and a taxon of the family Dorylaimidae have been reported from phytotelmata of Nepenthes spp. (Menzel, 1922 , cited by Quisado [10] ; Quisado [10] ). From the phytotelmata of bromeliads various genera were reported by Zullini (1977) and Jacobs (1984) (cited by Hodda et al. [11] ) and Zullini et al. [12] . Five nematode species have been described from phytotelmata in bromeliads and Nepenthes spp. (Meyl [13] ; Bert et al. [14] ; Menzel, 1922 and Holovachov et al., 2004, cited by Quisado [10] ). Apparently, the only studies that deal with ecological aspects of the nematofauna of phytotelmata are restricted to artificial tree-holes. Ristau et al. [15, 16] observed alterations in the diversity, trophic structure and biomass of the nematofauna in artificial phytotelmata that had been nutritionally enriched. The application of different quantities of leaf litter in artificial phytotelmata correlated positively with nematofauna abundance and diversity, and with the abundance of the bacteriophagous forms [17] . Studies in natural ecosystems have revealed the influence of nematodes on the mineralization rate of organic matter, by means of the interference of bacteriophagous and mycophagous forms on primary decomposers. Nematodes also contribute to the nitrogen cycle [18] . In ecosystems altered by humans -fresh water, marine and soil -nematodes are used as indicators of pollution and other disturbances, with advantages in relation to physical-chemical monitoring or other invertebrates [19, 20, 21] . The Atlantic Forest (AF) in Brazil is one of the world´s most disturbed biomes by human interference [22] . Its dimension is currently reduced to about 12% of its original area [23] . Although there are various governmental and private initiatives to preserve and restore the AF, few inventories of its microbiota have been conducted and even fewer studies have focused on the response of the microbiota to anthropic disturbance (Brasil [24] ; Lewinsohn & Prado, 2004 , cited by Maia [25] ). Due to their abundance, diversity and sensitivity to environmental variations, it is hypothesized that nematodes are valuable bioindicators in the AF. Nematodes associated with the phytotelmata of bromeliads seem an interesting subgroup to test this hypothesis because: i) bromeliads are the second most diverse botanical group in the AF and the most abundant [26] , ii) there are indications that bromeliads are sensitive to anthropic disturbances [27] and iii) each bromeliad constitutes a microcosm -which defines the sampling space -and their abundance offers easy experimental replicates. Aiming to test this hypothesis, the present work involved characterizing the nematofauna in the bromeliads of a preserved area of AF, and noting its responses to climatic variations and plant architecture.
MATERIAL AND METHODS

Sampling area
The sampling area was about 500 x 100 m along a stream on São Julião farm (21°48'336'' S and 41°38'317'' W) in the Desengano State Park, near the city of Campos dos Goytacazes, Brazil. The area presents a submontane dense tropical rainforest, and the hot, wet climate is classified as Af (Köppen). During summer there are constant short bursts of rain, and even in the driest month the rainfall is http://dx.doi.org/10.4322/nematoda.01615
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Nematoda, 2015;2: e162015 over 60 mm, while the mean temperature is equal to or above 18 ºC in the coldest month [28] . The area is located at about 80 m above sea level. In 2012 the data on monthly accumulated rainfall and monthly mean temperature were collected at the Instituto Nacional de Meteorologia meteorological station, located at about 15 Km in a straight line from the sampling area [29] . In 2013 and 2014, data collection was local, using a Watchdog ® pluviograph and temperature sensor coupled to a datalogger ( Figure 1 ).
Optimization of sampling
For the characterization of the biota associated with the phytotelmata of bromeliads, it is common to take the plant out of its site. The leaves are removed and their proximal (axil) region is rinsed. The rinsing water is pooled with the water present in the phytotelma to count all the biota. However, in protected areas the environmental legislation may not allow the removal of bromeliads, and this is the case in the Desengano State Park, the place chosen for this study. In these cases, it is usual to adopt the suction of water contained in the phytotelma (e.g. Jocque et al. [30] ). Therefore, for the present study, the preliminary stage was to optimize the methods for sampling the nematofauna, because i) it is difficult to remove all the water from the phytotelma, as its volume may be small during the dry season, ii) there is little space available in the leaf axils in which to insert the suction equipment, and iii) there is often a blockage in this equipment, due to the large quantity of organic matter in suspension.
The species Canistropsis billbergioides (Schult.f.) Leme and Nidularium procerum Lindm were selected, both being widely present in the Park and presenting formation of phytotelmata and a rupiculous habit. Typically, these bromeliads form groups of individuals separated from other species. Samplings were carried out in 2012, in a single day in the months of February and September for C. billbergioides, and April and October for N. procerum.
At each sampling time, eight bromeliads were sampled. The basic sampling method (M1) was the suction of the water retained in the phytotelma (in all leaf axils) with the aid of an automatic pipette linked to a rubber tube. The sucked water was stored in a flask. M2 consisted of flushing the same phytotelma with about 100 mL of water, applied under pressure with a wash bottle, followed by suction of the entire volume with a pipette and storage in another flask. M3 to M7 consisted of successive reflushings and suctions, to a total of seven samples for each of the eight sampled bromeliads. The water for flushing the bromeliads was free of nematodes, being carried to the sampling area in back sprayers.
The 56 samples were individually processed by centrifuging and sieving, using 60 and 500-mesh sieves. To count the nematodes, three aliquots of 1 mL from each sample were observed in a Peter's slide under a stereoscopic microscope. The total cumulative abundance of the nematodes, the cumulative number of genera and the cumulative abundance per trophic group, from M1 to M7, were evaluated. The original data, without transformation, were submitted to regression analysis using the program R [31] . In this and the other experiments, the trophic group nomenclature was that of Moens et al. [32] , based on the morphology of the esophageal and mouth regions: mycophagous, bacteriophagous, predator, phytoparasite and ingestor of unicellular eukaryotes. For generic identification, several taxonomy keys were used [33, 34, 35, 36, 37, 38] .
Optimization of sample processing
For the extraction of nematodes present in samples from soil and plant tissue the methods of Jenkins [39] and Coolen & D`Herde [40] are widely used. However, the losses in the stages of floating and centrifuging may be high if a large amount of organic matter is present in the sample. Coolen & D`Herde recommend adding 1 cm 3 (approximately 0.833 g) of kaolin to the sample in the centrifuge tube, which adsorbs and precipitates the organic matter. However, this procedure has not been validated for samples with a high content of particulate organic matter in suspension, as occurs in phytotelmata in bromeliads. Therefore, the efficiency of extraction of nematodes from phytotelma water was also evaluated, adding different quantities of kaolin to the centrifuge tubes.
About 2 L of water collected from the phytotelmata of imperial bromeliads [Alcantarea imperialis (Carrie) Harms] was passed through 60 and 500 mesh sieves and collected in a bucket. Several aliquots of 5 mL were poured into a Petri dish and observed under an inverted optical microscope, to confirm the absence of nematodes. Next, 48 samples of 30 mL were prepared in centrifuge tubes, to which were added 200 infective juveniles (IJs) of Heterorhabditis baujardi Phan, Subbotin, Nguyen & Moens LPP7 (Heterorhabditidae) per sample. To the samples were added different quantities (treatments) of kaolin, with six repeats (tubes) per treatment: 0.03, 0.06, 0.12, 0.25, 0.5, 1.0 or 2.0 g. Samples with no kaolin added served as control. The samples were centrifuged at 760.24 g for 3 min and 190.06 g for 1 minute and passed through 60 and 500 mesh sieves. To count the recovered IJs, three aliquots of 1 mL from each sample were observed on a Peter's slide under the stereoscopic microscope. The original data, without transformation, were submitted to regression analysis, using the program R.
Nematode trophic structure in relation to climate variables and plant architecture
Eight sampling times were defined (T1 through T8) throughout the seasons of the years for each bromeliad species: C. billbergioides was sampled in December 2012, April, July and October of 2013, and January, March, July and November of 2014. N. procerum was sampled in January, May, August and November of 2013, and February, April, August and December of 2014 ( Figure 1 ).
To avoid resampling the plants and to minimize local interferences, eight groups of plants were chosen in the 50,000 m 2 sampling area, for each bromeliad species. At each sampling time, one bromeliad was sampled from each group, for a total of eight bromeliads per species.
Using the sampling methods defined in the item above (see Results and Discussion), samples were collected at three architectonic levels: in the leaf axils at the base, middle and upper levels of the plant (Figure 2 ), being careful not to allow water to overflow from the upper levels of the plant to the lower. Also, based on the methods for sample processing defined in the item above (see Results and Discussion), the 24 samples were processed separately. For the counting and identification of the nematodes, the entire volume of the resulting samples was observed in Petri dishes under an inverted microscope. The total abundance of nematodes and the abundance per trophic group were computed.
As it was impossible to remove bromeliads from the Park, the amount of organic matter deposited in the phytotelmata -mostly canopy litter -was estimated by installing collectors made out of a metal ring (0.2 m 2 of area) coupled to a collection cone made of cloth, 1 m in depth. The collectors were positioned in the sampling area at 1.6-1.8 m in height, near the bromeliads. At each sampling time, all the organic material collected from eight collectors was removed, dried in an oven for 72 hours at 45°C, weighed and expressed as organic matter dry mass (OMDM), in grams.
The data analyses were carried out using the program R; the data were submitted to non-parametric analysis of variance (Anova-type statistic) and the differences between the architectonic levels of the bromeliads were analyzed by the standard error calculated by bootstrap at 95% probability (10,000 re-samplings) and by Bonferroni's test. The data were also submitted to principal components analysis (PCA).
RESULTS AND DISCUSSION
Optimization of sampling Figure 3 shows that for both bromeliad species and both sampling times the simple suction of water contained in the phytotelma (M1) recovered only a small part of the nematofauna. It is probable that most nematodes live in among the small particles of organic matter deposited in the small space that exists in the leaf axils. The total cumulative abundance of nematodes recovered increased with successive flushings of the phytotelma with water applied under pressure (M2-M7), which resuspended the organic matter and the nematofauna, allowing it to be suctioned out. It has already been suggested that greater recovery of the microbiota of phytotelmata in bromeliads could be achieved by flushing out and suction, as a non-destructive method [30] . The curves for recovery of the nematofauna present a tendency to level out between M5 and M7, in particular for N. procerum, independently of the differences in nematode abundance between species of bromeliad and between sampling times. This suggests that saturation of the sampling method may occur after nine or 10 successive flushes and suctions.
With regard to the cumulative number of genera recovered (Figure 4 ), a saturation of the sampling method was seen in M5, except for the sampling done in N. procerum in October 2012. The accumulation curves were similar, independently of the differences in diversity between the species of bromeliad and the sampling times. For cumulative abundance per trophic group (Table 1) , there was saturation of the sampling method in M5 for almost all the curves. Collectively, these results led the authors to adopt M5 as the standard method for the present study.
Optimization of sample processing
Processing without adding kaolin to the centrifuge tubes presented about 60% efficiency in the recovery of H. baujardi LPP7 IJs ( Figure 5) . As a result, we recognize that our samplings underestimate nematode community abundance and diversity. Although a direct interaction was observed between the doses of kaolin applied to centrifuge tubes and the clearness of samples post-processing, there was a steady fall in recovery of IJs. Therefore, for the present study, no kaolin was added to the samples being processed.
Nematode trophic structure in relation to climate variables and plant architecture
In general, the nematode community in the phytotelmata of both bromeliad species is composed of bacteriophagous, mycophagous, predators and ingestor of unicellular eukaryotes genera (Table 2) . Some phytoparasitic specimens were found occasionally, being considered contamination originating from the shallow layer or soil / litter existent over the boulder, by means of rain splashes, or from arboreal soil, by means of rain dripping. The total abundance of nematodes varied from five to 35 specimens in C. billbergioides and from two to 50 in N. procerum. In one bromeliad many specimens of H. baujardi were found, probably due to the death of an infected insect in the phytotelma.
Non-parametric analysis revealed that in the phytotelmata of C. billbergioides there were significant differences for the sources of variation architectonic level of the leaf axils (upper, middle and base) and sampling times (T1-T8) for total abundance of nematodes and abundance per trophic group, except for the ingestors of unicellular eukaryotes in relation to the levels ( Table 3) .
The significance for the architectonic levels suggests that they present micro-climatic differences that determine differences in the resident nematofauna. Sensors that were inserted in the leaf axils at the three architectonic levels for constant monitoring of the water (temperature, pH and O 2 concentration) failed to collect data on various occasions due to the small amount of water present in the phytotelmata during the long drought in 2014. It is known, however, that the architecture of bromeliads determines physical aspects of phytotelmata, such as tubular form vs. dispersed arrangement in the leaf axils. In the bromeliads with dispersed phytotelmata, the dimension of leaves and their angle of insertion in the stalk, at the different architectonic levels of the plant, determine the volume of water retained in the leaf axil and its surface to volume ratio, as well as the level of solar incidence (in bromeliads in the open). These variations may result in differences in water pH, temperature and concentration of O 2 and nutrients [1, 41, 42] . Such variations may affect the structure of communities in the phytotelmata (e.g. Montero et al. [43] ; Torreias et al. [44] ). The present study suggests that, in the phytotelma of C. billbergioides, the middle and base architectonic levels are more favorable to the nematofauna, because when significant differences occurred between the levels these presented the greatest mean values for total abundance and abundance per trophic group (Figures 6, 7) .
The significance for sampling times suggests that seasonal factors influenced the nematofauna. The monthly mean temperature fluctuated in a way typical of the region, with higher values from September to March (Spring and Summer) and lower from April to August (Autumn and Winter) (Figure 1 ). On the other hand, the rainfall was atypical and irregular from 2012 to 2014, with a prolonged drought in the latter year.
It is worth noting that the highest means for total abundance of the nematodes were observed from October/2013 through March/2014, associated with monthly accumulated rainfall of over 450 mm (Figures 1, 6 ). Higher rainfall was also associated with more significant distinctions between the architectonic levels (October/2013 through July/2014) and with higher abundance of bacteriophagous nematodes (January through July/2014) ( Figure 7) . A similar pattern was reported by, for example, Sodré et al. [45] , who observed greater abundance of Chironomidae (Insecta: Diptera) in periods with higher rainfall and volume of water in the phytotelmata of the bromeliads Neoregelia concentrica (Vellozo) L.B. Smith and Aechmae nudicaulis (L.) Grisebach.
On the other hand, it is plausible to suppose that periods of less rainfall result in a lower quantity of water deposited in the phytotelma of rupiculous, saxicolous and terrestrial bromeliads, with repercussions for its biota, because the forest canopy retains a large part of the rainfall before it drips on the ground [46] . Indeed, in the present work the volume of water retained in the phytotelmata was minimal at some of the sampling times during the drought. Lower mean temperatures were recorded from April through July/2013, which may have contributed to the lower total abundance of nematodes.
Other macro-and micro-climatic variables with seasonal variation may have contributed to the trophic structure of nematofauna in the phytotelmata, such as water temperature in the phytotelma and the incidence and intensity of winds, which can affect the amount of organic matter (mostly canopy litter) deposited in the phytotelma. Direct and indirect interference of various seasonal factors has been reported for phytonematodes and for free-living nematodes in soil, freshwater and marine environments. In relation to the interaction architectonic levels × sampling times, there was significance only for total abundance of nematodes and abundance of the mycophagous forms.
Principal components analysis indicated that the first two components explained 80.75% of the variability of the total abundance of nematodes and the abundance per trophic group, in relation to the architectonic levels of C. billbergioides and the sampling times (Figure 8 ). There was a positive interaction between the abundance of mycophagous and bacteriophagous nematodes at the middle architectonic level and the sampling times T5 to T7. The higher rainfall and mean temperatures for T4 to T6 may have favored the activity and density of decomposer fungi and bacteria, favoring those trophic groups. Predator nematodes and those that ingest unicellular eukaryotes showed a positive interaction with the base level in T4 and T5.
For the phytotelmata of N. procerum, there were significant differences for the source of variation sampling time for all variables (Table 4) . For the architectonic levels, there were significant differences for the total abundance of nematodes and the abundance of bacteriophagous and predator trophic groups. There were no significant differences for the interaction of architectonic levels × sampling times.
The sampling times with greatest total abundance of nematodes in the phytotelmata of N. procerum (November/2013 through April/2014) ( Figure 9) were the same as observed in C. billbergioides. However, there were fewer significant distinctions between the architectonic levels in N. procerum. The same In N. procerum, PCA explained 80.1% of the total variability ( Figure 11 ). In relation to abundance per trophic group, a positive interaction was observed between bacteriophagous nematodes and the sampling time T5, at the three architectonic levels. There were also positive interactions between predator and mycophagous nematodes at the sampling time T2 (at the base and middle levels), T4 (at the base and upper levels) and T6 (at the base level).
The non-parametric analysis revealed that there were significant differences in the OMDM obtained from the collectors positioned close to the plants, for the sources of variation bromeliad species and sampling times, and their interaction (Table 5 ; Figure 12 ). The significance for bromeliad species is counter-intuitive, because the forest canopy above the bromeliads was uniform and the collectors were all identical. The significance for sampling time is probably due to seasonal variations in the incidence and intensity of winds, as well as in the senescence of leaves in the forest canopy.
However, a Spearman correlation analysis did not detect a correlation between the OMDM and the total abundance of nematodes or the abundance per trophic group, in both species of bromeliad (results not shown). This result is counter-intuitive, since Brouard et al. [47] reported a correlation between the amount of organic matter deposited in the phytotelmata and the functional diversity of the biota in different species of bromeliads. Also, Ristau et al. [15, 16] observed changes in nematode diversity, trophic structure and biomass as artificial phytotelmata were nutritionally enriched. The application of different quantities of leaf litter in artificial phytotelmata also showed a direct correlation with the total abundance of nematodes and their diversity, and with the abundance of bacteriophagous forms [17] . It is possible that in bromeliads growing in the AF, the interaction between the amount of organic matter deposited in the phytotelma and the nematode trophic structure is mediated by factors that were not monitored in this study. This is apparently the first study to deal with ecological aspects of the nematofauna associated with natural phytotelmata. As well as establishing methodological parameters for the quantitative sampling of the nematofauna associated with the phytotelmata of bromeliads, data were collected in a native AF area over a period of 24 months, a longer and more representative period than that normally used in studies of the biota of phytotelmata. The decision to perform a thorough examination of the samples eliminated the errors inherent to the examination of aliquots, such as the sub-representation of less abundant genera and trophic groups. On the other hand, this prevented a quantitative analysis of the nematofauna at the genus and species levels, due to the abundance of specimens, especially in the juvenile stages.
The monitoring of total abundance of nematodes and abundance per trophic group revealed significant distinctions in the nematofauna of different architectonic levels of the phytotelma in both bromeliad species, with a tendency to greater abundance at the base and middle levels. It is known that the litter deposited in bromeliads is progressively fragmented and it becomes an energy source for fungi and bacteria in the lower axils of the plants. Therefore, mycophagous, bacteriophagous, ingestor of unicellular eukaryotes -such as algae, which are abundant in bromeliads in full sunlight -and possibly omnivorous nematodes have more food available in the lower axils of the plants. The results of this study also suggest that the water present in the lower axils of bromeliads does not present pH and O 2 levels which are restrictive to the nematofauna.
This study also revealed a significant seasonality in the nematofauna of both bromeliad species, related to rainfall and mean temperatures. The climatic seasonality possibly acted primarily on the base trophic level -algae, fungi and bacteria -affecting the nematofauna in an indirect manner. Figure 11 . Principal components analysis for the total abundance (Ab. total) and abundance per trophic group of nematodes associated with the phytotelmata of Nidularium procerum at different architectonic levels (N1= base; N2= middle; N3= upper) and sampling times (T1 through T8). Bact= Bacteriophagous, Myc= Mycophagous, Uni= ingestors of unicellular eukaryotes, Pred= Predator. As mentioned before, bromeliads are the most abundant botanical group in the AF biome, maintaining important interactions with various functional groups of the biota. The AF provides various ecosystem services to Brazilian society and is home to an immense endemic biodiversity [23] . In recent years the functional role of nematodes in the mineralization of organic matter and nutrient cycling -especially nitrogen -has been revealed, as well as their potential as bioindicators for human disturbances. Therefore, the study of the nematofauna associated with the phytotelmata of bromeliads in the AF and in other ecosystems seems to be an area with much potential for basic and applied ecological studies, despite the complexity of the environmental factors involved.
CONCLUSIONS
This work revealed that bromeliad phytotelmata in the AF host a wide range of nematodes belonging to different trophic groups, with some distinctions between the two bromeliad species studied. The nematode trophic structure was significantly distinct among the leaf axils located at the different architectonic levels of the plants, particularly in C. billbergioides. The leaf axils located at the base and middle levels seemed more conducive to nematofauna. The nematofauna presented a seasonality significantly related to rainfall and temperature fluctuations.
